During gastrulation in Xenopus convergence and extension movements, mediated by mediolateral intercalations, are the driving force for early neural plate morphogenesis. Here we show that the winged helix transcriptional regulator, H is dynamically expressed in medial neural plate precursors that undergo convergence and extension movements. These medial neuraxial progenitors are speci®ed in and beyond the Spemann organizer prior to speci®cation of the basal anlage of the neural plate. The initiation of Xfd-12
Introduction
The formation of the central nervous system in vertebrates is a complex process that requires a co-ordinated series of inductive interactions and morphogenetic movements. The initial event is a cell fate switch in the ectodermal germ layer, from epidermal ectoderm to neuroectoderm. This conversion, termed neural induction, occurs during gastrulation and is dependent on intercellular communication between the Spemann organizer and the adjacent dorsal ectoderm (Spemann and Mangold, 1924 ; reviewed by Harland and Gerhart, 1997) . Most of the neuroepithelium in the amphibian embryo is induced in a non-cell autonomous manner by the gastrula organizer, with the exception of an axial stripe of cells located along the medial neural plate (future ventral aspect of the neural tube). This structure, termed the¯oor-plate, is to a large extent derived from organizer progeny (Spemann, 1938; Harland and Gerhart, 1997) . The respective gastrula organizer equivalents in zebra®sh and amniote embryos, the embryonic shield and Hensen's node, likewise contribute cells extensively to the ventral neuraxis and induce the basal plate anlage (Selleck and Stern, 1991; Lawson and Pedersen, 1992; Beddington, 1994; Shih and Fraser, 1996) . Neuralization is believed to be initiated by an extracellular inhibitory mechanism that attenuates bone morphogenetic protein (BMP) activity (reviewed in Graff, 1997; Wilson and Hemmati-Brivanlou, 1997) . The gastrula organizer in Xenopus secretes several inhibitory proteins, such as Noggin, Chordin, Follistatin and Cerberus, that functionally antagonize BMP ligands by extracellular trapping (Piccolo et al., 1996 (Piccolo et al., , 1999 Zimmermann et al., 1996; Fainsod et al., 1997; Hsu et al., 1998) . This antagonistic interaction results in derepression of the neurogenesis pathway at the expense of epidermogenesis.
The initiation of anteroposterior order within the neuroepithelium is thought to depend on differential activities emanating from both the head and trunk organizers, two topologically de®ned signalling centres Beddington and Robertson, 1998, 1999) . Anterior neural plate speci®cation requires combinatorial suppression of BMPs and Wnt glycoproteins, whereas the posterior neuraxis forms by BMP antagonism (Glinka et al., 1997; Piccolo et al., 1999) . This coarse anteroposterior pattern within the neural plate is re®ned by caudalizing growth factors, such as members of the FGF and Wnt families, and retinoic acid, which transform anterior neural fates into progressively more posterior values (Sasai and De Robertis, 1997) . Dorso-ventral patterning is mediated by secondary tissue interactions. Ventral neuronal cell fates are induced by thē oorplate, a transient neural patterning centre located at the ventral aspect of the neuraxis (reviewed in Tanabe and Jessell, 1996; Sasai and De Robertis, 1997) . Speci®cation of this neuraxial organizing centre depends on interactions with the underlying notochord (Tanabe and Jessell, 1996) . Floorplate and notochord precursors are already aligned in Hensen's node in chick (Catala et al., 1996; Teillet et al., 1998) . The intercellular signalling molecule Shh has been identi®ed as an essential component of a genetic network that controls¯oorplate speci®cation in mouse and chick (Tanabe and Jessell, 1996; Dodd et al., 1998) . Nodal-related ligands and FGFs have been implicated in¯oorplate development in zebra®sh and Xenopus, respectively (Kroll and Amaya, 1996; Feldman et al., 1998; Rebagliati et al., 1998; Sampath et al., 1998) . The mechanism by which Nodalrelated and FGF ligands regulate neural midline development is not yet understood.
In addition to its role in neural induction, the gastrula organizer also controls the morphogenetic movements that rearrange mesodermal and neural progenitors (Spemann and Mangold, 1924; Keller and Danilchik, 1988; Keller et al., 1992a,b) . Cell lineage analysis in Xenopus has indicated that posterior spinal cord precursors are extensively rearranged during gastrulation in a process called convergence (narrowing) and extension (lengthening) (Keller et al., 1992a) . Convergence and extension of posterior neural cells start at the mid-gastrula stage and require planar signalling from the organizer (Keller et al., 1992b; Elul et al., 1997) . Relatively little is known about the early speci®cation of these posterior neural cells and the regulation of their complex rearrangements.
In this report we present the winged helix transcription factor, XFD-12 H , which is expressed in progenitors of the medial neural plate that undergo convergence and extension movements. These neuraxial precursors are speci®ed early on in the Spemann organizer prior to the induction of the sox-2-positive basal anlage of the neural plate. Comparative expression analysis shows that these medial neural plate precursors segregate to the trunk organizer, presumably by pre-gastrulation movements. The early onset of Xfd-12 H expression coincides with the induction of mesendoderm by Nodal-related ligands. H expression in the dorsal non-involuting marginal zone requires FGF signalling and its positioning and that of sox-2 along the anteroposterior axis is regulated by Wnt family members. These results suggest that H is a component of the trunk organizer that possibly is involved in executing convergence and extension movements of medial neural plate precursors during gastrulation.
Results

Isolation of Xfd-12
H
We reported previously the cloning of a partial forkheadlike (fkh-l) cDNA in a differential screen aimed at identifying genes expressed in the Spemann organizer . Re-screening of a Xenopus dorsal lip library resulted in the isolation of a full-length cDNA, which contains a conceptual open reading frame encompassing 353 amino acids. Fkh-l is identical to a partial cDNA, termed XFLIP (King and Moore, 1994) , and has recently independently been isolated as full-length cDNA and named Foxe4 (XFLIP) and XFD-12 H (XFLIP) (So Èlter et al., 1999) . In order to avoid confusion about terminology we will adhere to the XFD-12 H (XFLIP) nomenclature. XFD-12 H belongs to group V of the large family of winged helix transcription factors, which are classi®ed according to signature residues within the 110 amino acid forkhead domain (Kaufmann and Kno Èchel, 1996) . Within this subgroup it has the highest homology with zFKD8 (Odenthal and Nu Èsslein-Volhard, 1998) (Fig. 1) . Although both proteins are 88% identical in the forkhead domain, the overall identity is only 45%, suggesting that they are not orthologous. The recently identi®ed XBF-2 (Mariani and Harland, 1998; Go Âmez-Skarmeta et al., 1999 ) and XFD-6, both of which share 86% identity within the DNA binding module, also belong to this subclass. Pintallavis (also known as XFKH1 or XFD-1) (Dirksen and Jamrich, 1992; Kno Èchel et al., 1992; Ruiz i Altaba and Jessell, 1992) , which belongs to group I, is only 56% identical in the forkhead domain. In agreement with a role in the regulation of transcription, H , zebra®sh zFKD8 and the Xenopus forkhead proteins XFD-6, XBF-2 and Pintallavis with indicated degrees of identity (in %) to H within the amino-terminus (grey), DNA binding domain (black) and carboxy-terminus (white). Numbers indicate amino acid residue position. Alignments were performed using Megalign from the DNAStar software package. The Genebank accession # for H is AF223426. ectopic chimeric XFD-12 H -GFP protein is con®ned to the nucleus (data not shown).
Xfd-12
H is expressed in medial neural plate precursors Xfd-12 H expression is initiated at the late blastula stage (stage 9±10) in the presumptive dorsal marginal zone prior to blastopore lip formation ( Fig. 2A) . In the early gastrula embryo (stage 10.5) H is expressed in a broad dorsal circumblastoporal crescent (1808 of the circumference) encompassing organizer territory (Fig. 2B) . From the midgastrula stage onwards expression constricts in the midline (Fig. 2C) . Throughout the mid-stages of gastrulation expression progressively narrows along the mediolateral axis and extends along the anteroposterior axis (Fig. 2D,F,G) . During this phase of medial constriction expression remains associated with the circumblastoporal area (black arrowheads). In the midline expression is con®ned to the subepithelial layer of the neuroectoderm as shown by sagittal and cross-sections (Fig. 2E,J) . Medial neural plate expression is transient. Expression ceases at the end of gastrulation in the rostral part of the neuroectodermal midline (Fig. 2H,I ). Posteriorly, however, expression continues in caudal neuraxial midline progenitors and in dorso-lateral circumblastoporal regions (Fig. 2K,L) . Frontal and sagittal sections through the tailbud of a stage 25 embryo reveal that Xfd-12
H -positive cells are located in the chordoneural hinge and in the tip of the posterior wall, suggesting that these are somitic precursor cells (Gont et al., 1993) (Fig. 2M,N) . Transverse section shows expression in the ventral spinal cord and in¯anking stripes that are juxtaposed above, or are even continuous with, the dorsal aspect of the pre-somitic paraxial mesoderm (Fig. 2O) . A secondary site of expression in the midbrain±hindbrain junction is initiated at the late gastrula stage and lasts till the tailbud stage (Fig. 2G±L , red arrowheads). We conclude that H is dynamically expressed in medial neural plate precursors that undergo convergence and extension movements during gastrulation.
Temporal order of gene expression during neuraxial morphogenesis
To compare the spatio-temporal expression pattern of H with that of pintallavis (Ruiz i Altaba and Jessell, 1992) and shh (Ekker et al., 1995) , both of which are expressed in the¯oorplate of the neuraxis, and sox-2, the earliest pan-neural marker gene Mizuseki et al., 1998) , we performed in situ analysis on staged siblings. At the early gastrula stage expression of Xfd-12
H extends more laterally than pintallavis expression, which is con®ned to the dorsal midline (Fig. 3A,D) . Shh is not yet activated ( Fig. 3B ) and sox-2 expression is observed in a broad dorsal crescent rostral to that of Xfd-12 H , though it is conceivable that there is a common interface (Fig. 3C ,D, note their respective distances to the dorsal blastopore). At the mid-gastrula stage pintallavis expression extends along the axial midline and shh appears in the notochord (Fig.  3E ,F). Sox-2 at this stage marks a homogenous sheet of neuroepithelial cells that has narrowed along the mediolateral axis and extended along the anteroposterior axis, although less extensive than Xfd-12 H expression, which has constricted in the neural midline ( Fig. 3G,H) . Concomi- tant with the transcriptional onset of shh in the¯oorplate at the late gastrula stage, there is a reduction of Xfd-12 H in the anterior midline, and down-regulation of sox-2 in this patterning centre (Fig. 3I±L) . At the early neurula stage Xfd-12 H has vanished from the rostral midline, which expresses pintallavis and shh (Fig. 3M±P ). From these data we conclude that Xfd-12 H expression in medial neural plate precursors precedes the activation of shh expression in the¯oorplate.
Regulation of Xfd-12
H expression during gastrulation Neuralization of ectoderm is believed to be initiated by the inhibition of BMP signalling (Graff, 1997; Wilson and Hemmati-Brivanlou, 1997) . We therefore examined whether Xfd-12 H -positive ventral neural midline progenitors are sensitive to the level of BMP signalling. The inhibition of BMP activity by radial expression of the antagonist chordin results in expansion of H around the blastoporal circumference (Fig. 4A ,B, note radial proximity to the indicated blastopore). Conversely, an increase in BMP activity via radial expression of bmp-4 results in a marked decrease of dorsal Xfd-12 H expression (data not shown). We noted that the rostral border of radially expanded Xfd-12
H expression in response to decreased BMP signalling is restricted to the same latitude as its normal dorso-anterior boundary. To determine whether the spatial anteroposterior order within the ectopic neuroectoderm is maintained, we analyzed sox-2 expression, which is initiated rostral to Xfd-12 H (compare Fig. 3C,D) . Congruent with the predominantly complementary endogenous patterns, we observe that radial expansion of sox-2 is con®ned to a broad circumferential zone anterior to that of Xfd-12 H (Fig. 4B ,D, note the distance between sox-2 staining and the indicated blastopore). Sox-2 staining is weaker than Xfd-12 H as it is speci®ed later. These data suggest that anteroposterior patterning of the neuroectoderm in response to modulation of BMP signalling is in part regulated by differential competence zones within the ectoderm. Similar observations have been made in zebra®sh (Koshida et al., 1998) .
FGF and Wnt growth factors have been implicated in posteriorization of the epiblast (Sasai and De Robertis, 1997) . To examine whether H is regulated by FGF and Wnt molecules, we inactivated these pathways by injecting RNAs encoding the dominant-negative FGF receptor, XFD, and the Wnt antagonist, Cerberus DC1. The inhibition of FGF signalling results in signi®cant reduction of Xfd-12 H expression at the mid-gastrula stage (Fig. 4E,F) . Residual expression is most likely due to unequal distribution of injected mRNA encoding the dominant-negative receptor, which acts cell autonomously. The inhibition of Wnt signalling has no apparent effect on Xfd-12 H activation in the dorsal marginal zone (data not shown). At the mid-neurula stage Xfd-12
H -positive cells accumulate around the periblastoporal region and chordoneural hinge expression appears reduced (Fig. 4G,H) . In contrast, complementary sox-2 expression has expanded ventro-laterally and caudally throughout the ectoderm (Fig. 4I,J) . Note the reduced axial elongation of injected embryos. These observations indicate that FGF signalling is required for Xfd-12 H expression. Wnt signalling is required for partitioning of neuroectodermal zones and subsequent neuraxial extension. 
Medial neural plate morphogenesis requires Nodalrelated signalling
Nodal-related signal transduction is essential for¯oorplate development in zebra®sh. In cyclops and squint mutant embryos, caused by null mutations in znr-1 (Ndr2) and znr-2, respectively (Feldman et al., 1998; Rebagliati et al., 1998; Sampath et al., 1998) , and in homozygous oep embryos, caused by mutation in the EGF-CFC protein One-Eyed Pinhead, a permissive cofactor for Nodal signal reception (Zhang et al., 1998; Gritsman et al., 1999) ,¯oorplate cells are absent, resulting in ventral defects in the brain and spinal cord. We therefore investigated whether Nodal-related activities are required for Xfd-12 H expression and neuraxial development in frog embryos by injecting RNA encoding the Nodal antagonist, Cerberus DN1 (Piccolo et al., 1999) . Ectopic expression of this inhibitory protein in the marginal zone abolishes or greatly reduces pintallavis and shh expression in the¯oorplate of the neural tube at stage 14 (Fig. 5A±D ). Neuraxial Xfd-12 H expression appears likewise reduced, though we note that residual progenitor cells are still con®ned to the caudal region of the embryo (Fig. 5E,F, red arrowheads) . RT-PCR analysis indeed con®rmed that Xfd-12
H transcripts are still present in embryos injected with the Nodal antagonist (data not shown). Neural induction and anterior regionalization are not impaired as these embryos do express pax-6 in a medial stripe in the anterior neural plate, consistent with the initial observation that cerberus-injected embryos are cyclopic (Bouwmeester et al., 1996) (Fig. 5G,H) . This result indicates that Nodal-related signalling is required for medial neural plate development in Xenopus.
Next we investigated whether Nodal-related activity is suf®cient to induce Xfd-12
H expression by overexpressing Xnr-1 mRNA in animal cap explants. The activation kinetics of Xfd-12
H in response to increasing levels of Xnr-1 (in two-fold increments from 5 to 160 pg) were compared to the activation of several mesendodermal genes which were known or are anticipated to be target genes of Nodal-related signalling. In several independent experiments we observed high levels of Xfd-12 H expression in non-injected animal caps (Fig. 5I) , which makes the assessment of true induction through Xnr-1 activity impossible (though we note that there is always a reproducible slight increase upon higher Xnr-1 levels). The other mesendoderm markers are activated with the expected kinetics. At the highest Xnr-1 levels tested, the pan-mesodermal marker gene Xbra is repressed, reminiscent to what has been reported in response to Activin, presumably due to transcriptional repression by Goosecoid (Latinkic et al., 1997) . Xfd-12 H expression, however, remains constant, implying that its expression is unresponsive to mesodermal repressors like Goosecoid.
Medial neural plate progenitors segregate to the trunk organizer
The threshold activation of putative Xnr-1 targets, presumably as a read-out of local Xnr-1 activity (Fig. 5I) , prompted us to examine in detail the spatial order of Xfd-12 H , cerberus, pintallavis, Xbra and goosecoid expression with respect to the internal yolk-rich vegetal endoderm (VE), the presumptive source of Nodal-related ligands (Jones et al., 1995) . We performed in situ hybridization on serial sections of single embryos at the late blastula stage and early gastrula stage to ensure a high level of resolution. Cerberus, which is expressed in the vegetal endodermal hemisphere like Xnr-1 and -2, is activated in a punctate pattern in the internal endodermal wedge. Expression is stronger on the dorsal side (Fig. 6A) . Xfd-12 H expression H and sox-2 is expanded around the circumference in embryos injected with the BMP antagonist, though Xfd-12 H expression is always in close proximity to the blastopore. (E,F) Vegetal views of stage 10.5±11 gastrulae that were non-injected (E) and XFDinjected (F). Note the apparent reduction of Xfd-12 H expression upon the inhibition of FGF signal transduction. (G±J) Dorsal views of stage 15 neurulae that were non-injected (G,I) and cerberus-DC1-injected (H,J).
Xfd-12
H transcripts accumulate around the periblastoporal region and sox-2 expression has expanded throughout the ectoderm.
is restricted to the dorsal super®cial zone at a distance from the cerberus-expressing internal endoderm (Fig. 6G) . Pintallavis, which marks axial midline precursors as well as de®nitive endoderm, and Xbra, which marks pan-mesodermal cells, are expressed between these dorso-interior endodermal and dorso-exterior neuroectodermal borders (Fig. 6C,E) . The latter two genes are also expressed on the ventral side again occupying more ventro-lateral positions than ventral cerberus-positive yolky endoderm. Intriguingly, this initial sequential diagonal order is rearranged into an anteroposterior order at the early gastrula stage. The dorso-interior cerberus-positive cells are now located at a dorso-anterior position and the dorso-exterior Xfd-12 H -positive cells, as well as the intermediate Xbra-, goosecoid-and pintallavis-positive cells, are vegetally displaced and compressed to occupy a more dorso-posterior position (Fig. 6B,D,F,H,I ). Goosecoid was included at this stage to highlight the distinct prechordal plate territory in the organizer. A similar rearrangement occurs on the ventral side. These results suggest that the head organizer and the trunk organizer, which contains Xfd-12 H -positive ventral neuroectodermal midline progenitors, become spatially segregated at the onset of gastrulation, presumably by cellular rearrangements.
Discussion
In this study we have analyzed the timing of neural pattern- ing and the control of medial neural plate morphogenesis by examining expression characteristics and regulation of a new forkhead gene, Xfd-12
H . Furthermore, we present evidence that cellular rearrangements implement the anteroposterior axis by regionalizing the Spemann organizer into head and trunk organizer compartments, the latter in which Xfd-12 Hpositive medial neural plate progenitors reside.
Neuroectodermal midline morphogenesis
The temporal order of inductive events during neuraxial development and the role of Nodal-related signalling in this process are unresolved. Our data provide evidence that posterior medial neural plate (¯oorplate) progenitors are speci®ed at the late blastula stage in and beyond the Spemann organizer prior to the speci®cation of precursors of the basal anlage of the future neural tube. In addition to the largely complementary embryonic origins, these neural precursors engage in differential morphogenetic behaviour (Keller et al., 1992a,b; Elul et al., 1997) . Retrograde fate mapping studies have shown that posterior neural plate precursors are initially distributed in a broad dorsal zone, designated the dorsal non-involuting marginal zone (Keller et al., 1992a) . These posterior cells engage in extensive convergence and extension movements, mediated by mediolateral intercalation, to bisect the basal neural plate primordium, which narrows and extends much less (Keller et al., 1992a) . The temporal onset, fate maps and spatial consequence of these differential morphogenetic behaviours, as described in depth by Keller and co-workers, are congruent with the dynamics of Xfd-12 H and sox-2 expression.
Ventral brain and¯oorplate defects in the zebra®sh mutant cyclops are caused by an early mesendodermal de®-ciency in znr-1 activity, indicating a non-cell autonomous requirement (Sampath et al., 1998) . In contrast, One-Eyed Pinhead, a permissive cofactor for Nodal signal reception, acts cell autonomously in¯oorplate progenitors (Stra Èhle et al., 1997) . Collectively, these observations implicate that Nodal-related signalling is required in endomesoderm for the speci®cation of¯oorplate progenitors at early gastrulation. Compatible with that hypothesis we ®nd that Xfd-12 H expression is temporally activated in conjunction with the induction of endomesoderm by Nodal-related ligands. However, it is unresolved if Xfd-12 H expression is directly induced by Xnr signalling. Xfd-12 H expression, though perhaps reduced, is still present in embryos where Nodalrelated signal transduction has been perturbed. This could imply that Nodal-related signalling is required for the initiation of neural convergence and extension movements. The intercalation of midline progenitors between the prospective basal plate anlage of the neural tube could be imperative to create a medial neural zone that is competent to respond to Shh. In Xenopus the medial neural plate or notoplate is morphologically ®rst apparent at late gastrulation, coinciding with the switch between Shh activation and Xfd-12 H repression in the rostral¯oorplate. The acquisition of ventral neuronal cell fates by a Shh-mediated response in the medial neural plate is preceded by repression of Msx and Pax transcription factors in the midline (Tanabe and Jessell, 1996) . Likewise, we observe that sox-2, which codes for a pan-neural competence factor of the HMG class (Mizuseki et al., 1998) , is repressed in the neuraxial midline at the end of gastrulation, presumably as an early Shh target.
Cellular interactions within the trunk/tail organizer
Throughout development Xfd-12
H expression is found in close proximity to the notochordal marker Xbra in dorsal circumblastoporal regions, which maintain organizer potential (Gont et al., 1993) . It has been proposed that the zebra®sh homologue of Xbra, no tail, acts as a cell fate switch in the dorsal midline, promoting notochordal cell fate and antagonizing¯oorplate development (Halpern et al., 1997) . It is conceivable that Xfd-12
H acts reciprocally, promoting medial neural plate cell fate and repressing notochord development. In Xenopus these axial midline lineages are already speci®ed at the late blastula stage in abutting distinct zones. This is congruent with the observation that medial neural plate cells converge and extend faster than presumptive notochordal cells (Keller and Danilchik, 1988) . This is in contrast to the avian trunk organizer or Hensen's node, in which notochord and¯oorplate progenitors are morphologically continuous (Teillet et al., 1998) . In the dorsal aspect of the circumblastoporal region, FGF signalling is required for the maintenance of Xbra expression in a positive regulatory feedback loop and is consequently essential for posterior mesoderm formation (Isaacs et al., 1994; Schulte-Merker and Smith, 1995) . Our observation that the maintenance of Xfd-12 H expression also requires FGF signalling suggests that FGF signalling in addition has a direct role in dorso-ventral patterning of the neural plate. This is congruent with the notion that transgenic frog embryos that express the dominant-negative FGF receptor, XFD, lack differentiated¯oorplate cells and have reduced convergent extension movements (Kroll and Amaya, 1996) . Thus, XFD-12 H appears to be an integrative component of a FGF-mediated signalling network that controls notochord and¯oorplate morphogenesis. In addition, we observed that neural convergence and extension movements require Wnt signal transduction, perhaps downstream or in cooperation with FGF ligands.
Regionalization of the Spemann organizer
In Xenopus, relatively little is know about how and when the head and trunk organizers, which implement the anteroposterior axis, are spatially established Beddington and Robertson, 1998, 1999) . During early mouse development a geometric transformation has been proposed to invoke the anteroposterior axis at the peri gastrulation stage (Beddington and Robertson, 1998, 1999) . Vectorial movements reposition distally located visceral endoderm cells towards the anterior extremity followed by, though these could be intricately coupled, a displacement of proximal mesodermal progenitors to the opposite posterior side. Our data suggest that a similar geometric transformation accounts for anteroposterior axis formation in Xenopus, as schematically illustrated in Fig. 7 . Dorsal tissue primordia are speci®ed at the late blastula stage, presumably by Nodal-related ligands acting co-operatively with the dorsalizing Wnt pathway (Harland and Gerhart, 1997) . Initially these precursor populations are aligned in sequential diagonal zones without obvious anteroposterior order. At the early gastrula stage de®nitive mesendoderm and medial neural plate precursors are vegetally displaced and internal endoderm is shifted to the dorsal side, such that anteroposterior order in the mesendoderm as well as in the neuroectoderm is established. This raises the question whether these cells re¯ect different populations or alternatively are related by lineage and are rearranged due to morphogenetic movements. The second hypothesis is likely to be true as cellular displacement and vegetal compression of B-and C-tier descendants has been observed around gastrulation in clonal lineage tracer analysis (Bauer et al., 1994; Vodicka and Gerhart, 1995) . These cellular rearrangements are probably the consequence of a morphogenetic process, termed vegetal rotation (Winklbauer and Schu Èrfeld, 1999) . In explant cultures an active distortion of internal vegetal endoderm was observed which leads to expansion of the blastocoele¯oor and consequently displacement of de®nitive mesendoderm towards the marginal zone (Winklbauer and Schu Èrfeld, 1999) . Blastocoele expansion has in addition been observed by recent lineage analysis that shows that central cells of the¯oor of the blastocoele move towards the dorsal side (Jones et al., 1999) . This morphogenetic event constitutes the initial step for mesendoderm involution. These internal vegetal endoderm cells express cerberus, which has the intrinsic capacity to act as a trifunctional antagonist, acting on BMP, Nodal and Wnt ligands (Hsu et al., 1998; Piccolo et al., 1999) . Although all three inhibitory functions are required to initiate an ectopic head organizer programme, the temporal order of antagonistic interactions in vivo has remained enigmatic (Piccolo et al., 1999) . We propose that the titration of Nodal-related ligands by Cerberus in vegetal endoderm at the late blastula stage is the ®rst Cerberus-mediated antagonistic interaction that occurs. Thus, both in frog and mouse the impetus for cellular rearrangements, which position the marginal zone and primitive streak, respectively, could come from Nodal antagonists operating from the extraembryonic endoderm. Based on this analogy it is conceivable that cellular translocations are a prerequisite during vertebrate gastrulation to initiate the execution of the head and trunk organizer programmes, which are associated with topologically de®ned locations along the anteroposterior axis.
Experimental procedures
Cloning of Xfd-12
H A partial Xfd-12 H cDNA that lacked 5 H coding sequences Fig. 7 . Model for regionalization of the Spemann organizer into head and trunk organizer compartments. At the late blastula stage (stage 9) dorsal organ primordia are aligned in sequential diagonal zones at de®ned distances from the dorso-interior endodermal core, which is a source of Nodal-related signalling. This spatial arrangement requires a co-operation between Xnr ligands (decreasing activity towards Xfd-12 H domain) and the dorsalizing Wnt pathway. At the early gastrula stage (stage 10.5) de®nitive mesendoderm and medial neural plate precursors are translocated to the dorsal marginal zone, presumably because of vegetal displacement and compression (arrows), due to active distortion of the vegetal endoderm (Winklbauer and Schu Èrfeld, 1999 ) (bent arrows). This positions medial neural plate precursors (dorsal non-involuting marginal zone) in close proximity to mesodermal precursors (dorsal involuting marginal zone). The red antagonistic arrows indicate possible inhibitory interactions of Cerberus with Nodal-related ligands and the blue antagonistic arrow indicates the interaction of Cerberus with BMP and Wnt ligands. The black arrow on the right side indicates the involution of de®nitive endomesoderm. Colour coding: blue, ectoderm; brown, medial neural plate progenitors; red, de®nitive mesoderm; purple, de®nitive endoderm; white, internal endodermal wedge.
was initially isolated in a screen for organizer-speci®c cDNAs (Bouwmeester et al., 1996) . Re-screening of a Xenopus dorsal lip cDNA library resulted in 28 additional cDNAs. The insert size of all positive clones was determined by nested PCR analysis and the longest cDNA of 1.6 kb was sequenced on both strands. Despite the fact that the initiation methionine is not preceded by in frame termination codons, we believe it represents a full-length ORF since all of the re-isolated longest cDNAs started at very similar positions upstream of the start of translation.
Embryo manipulations
In vitro fertilizations, cultivation of embryos and microinjections were carried out as described (Bouwmeester et al., 1996) . Staging of embryos was performed according to Nieuwkoop and Faber (1967) . Animal caps were explanted at stage 9, cultivated in 0.3£ MBS and harvested at stage 10.5 for RNA analysis, which was performed by Trizol extraction (GIBCO BRL). RT-PCR analysis is described in Bouwmeester et al. (1996) and a description of primer pairs is available upon request.
mRNA synthesis
Synthetic capped mRNA was transcribed using the Message Machine Kit according to the instructions provided (Ambion). pCS2-cerberus-D N1 (Cer-short in Piccolo et al., 1999) and D C1, pCS2-Xnr-1 and pCS2-chd were all linearized with NotI and transcribed with Sp6 and SK-bmp-4 and KS-lacZ were linearized with XhoI and PstI, respectively, and transcribed with T3.
In situ hybridization and histology
Whole-mount in situ hybridization was done as described (Bouwmeester et al., 1996) . For in situ hybridizations on sections, embryos were ®xed in MEMFA, embedded in paraf®n and serially sectioned in 10 mM slices using a microtome. Staining was revealed with BM purple alkaline phosphatase substrate (Boehringer). For histological purposes sections were stained with haematoxylin-eosin. Digoxygenin labelled antisense RNA was synthesized from the following templates: SK-Xfd-12 H , SK-cerberus, SK-sox-2, KS-shh and SK-gsc were all linearized with EcoRI and transcribed by T7, KS-XmyoD was linearized with HindIII and transcribed by T7, pSP64T-Xbra was cut with SalI and transcribed with Sp6 and SK-pintallavis and pGEM-T-pax-6 were digested with BamHI and NotI, respectively, and transcribed with T7.
